Clenbuterol (CLE), a beta 2-adrenergic agonists, is one of the most popular drugs often used by individuals, especially athletes and bodybuilders who are looking to lose weight. CLE is indeed an effective thermogenic and anti-catabolic which helps to lose weight quickly. CLE is also commonly used for asthma treatment in humans 1 . However, it has several serious side effects including cardiac arrhythmia or even sudden death. CLE is also found to promote animal growth by increasing muscular mass and decreasing fat accumulation at the applied dosage (e.g., ten to hundred times higher than the normally therapeutic usage), which leads to an illegal use of CLE in meat industry for the economic interest 2 . Accumulative residues of CLE in animal tissues can result in clinical symptom such as cardiac palpitation, tachycardia, nervousness, muscle tremors and confusion 3 . Due to these serious health issues, the use of CLE as feed additive has been banned in many countries including China, United States and most European countries. This also in turn requires a great demand for a rapid, accurate sensor for testing CLE, which is an urgent and challenging task for food safety.
, high performance liquid chromatographic 9, 10 and enzyme-linked immunosorbent assay 11 . Although these methods have their own advantages in high sensitivity and selectivity, most of the reports are time-consuming, and require tedious sample pretreatment, expensive equipment and skilled workers, which limit its practical use, especially in on-site detection.
From the standpoint of on-site detection, immunochromatographic test strip (ICTS) 12, 13 presents several distinct advantages, including a user-friendly format, a short period of time to acquire test results, long-term stability over a wide range of climates, and relatively inexpensive production. These characteristics make ICTS an ideal candidate for the on-site primary screening of samples in spot. However, the application of test strip is limited when high sensitivity is needed. Various methods have been reported to improve the sensitivity of test strip, including the design of sensitive equipment to convert signal, the optimization of the test procedure and the improvement of the properties of the probe materials [14] [15] [16] . Since both visual inspection signals and quantitative data (optical densities) mainly dependent on the sizes, shapes, components and the surface antibody affinity of probe materials, it is a simple and effective means to improve the detection efficiency and sensitivity by exploring the optimized label probes for ICTS.
In conventional immunochromatographic assay, single-component, solid noble metal particles (e.g., gold nanoparticles) have been used as labeled probes. In the previous works 17, 18 , it was observed that the bimetallic NPs, especially Ag-based nanostructures could show excellent optical properties to remarkably improve the detection sensitivity in surface-enhanced Raman spectroscopy based sensors. On the other hand, the higher specific surface area of hierarchical or hollow structures can improve the strong surface affinity with antibodies than low-dimensional solid NPs [19] [20] [21] [22] [23] . Therefore, a bimetallic hollow Ag-Au NPs would have been an ideal choice as labeled probes. To the best of our knowledge, there is no such report using hollow Ag-Au NPs as probes in immunochromatographic test strip. Herein, we synthesized bimetallic, hollow Au-Ag nanoparticles (NPs) via the galvanic replacement reaction, and systematically optimized the size of the Au-Ag NP, hollow size and Au/Ag mole ratio to amplify both the visual inspection signals and the quantitative data (optical densities). Meanwhile, compared with conventional physical interaction between NPs and antibody, we used 11-mercaptoundecanoic acid (MUA) to functionalize the surface of hollow Ag-Au NPs for covalently bonding anti-CLE monoclonal antibody, acquiring highly stable probe materials. The sensitivity of optimized hollow Au-Ag NPs probes for the detection of CLE can be achieved even as low as 2 ppb, which is around 10 fold lower than that of solid Au NP-based test strip.
Results and Discussion
The unique properties of noble metal nanoparticles depend closely on their sizes, shapes and constitutes 24, 25 . As the crucial probes and signal resource of ICTS, the size, morphology and constitutes of hollow Ag-Au NPs have significant influences on the detection performance of ICTS. Conventionally, solid spherical Au NPs are used commonly as labeled probes of ICTS but the detecting abilities are not the optimal compared with other structured Au NPs 15 . For example, bimetallic, hollow Au-Ag NPs have higher surface area, low cytotoxicity, unique optical properties and well-established bioconjugation strategies 26, 27 , which make hollow Au-Ag NPs to be a promising candidate for high efficiency labeled probes of TS. In this work, optimized hollow Au-Ag nanoparticles (NPs) were functionalized with specific antibody and used as novel labeled probes for the detection of CLE by ICTS (Fig. 1) .
Bimetallic hollow Au-Ag NPs are synthesized by galvanic replacement reaction where Ag is replaced by Au since Ag has lower reduction potential 28 . In order to achieve the preferred hollow Au-Ag nanostructures, influence of the ratio of inspection of the hollow nanocrystals reveals that when Ag NPs (Fig. 2a) react with a small amount of HAuCl 4 solution, a small hole is observed on the twin boundaries in most of the NPs (Fig. 2b) , indicating that the reaction is initiated locally at a high-energy site (i.e. twin boundary) rather than over the entire NP's surface. As the reaction proceeds, this small-hole serves as the anode, where Ag is oxidized and electrons are stripped. Then the released electrons migrate to the surrounding surfaces and are captured by AuCl 4 − , generating Au atoms and deposited on the NP's surface. As the Au layer forms, the initial small-hole serves as the site for Ag dissolution, facilitating the conversion of the solid NPs into hollow nanostructures ( Fig. 2c- Figure S1 ). The increasing of Au content lead to the larger size of cavity and some Ag-Au NPs finally cracked into incomplete NPs with small size, which is in good agreement with TEM observation.
One of the interesting features of these bimetallic hollow Au-Ag nanostructures is that the color of the NPs strongly depends on the exact amounts of HAuCl 4 solution. By adding different amounts of the HAuCl4 solution (6 × 10 −5 −2.5 × 10 −4 mmol) into a fixed volume of Ag NPs, color of the solution varies from yellow to orange, red, purple, blue and finally cyan, as shown in Fig. 3 . The optical properties of these hollow Ag-Au NPs solution were studied by UV-vis spectroscopy and shown in Fig. 4 . With increasing the amount of HAuCl 4 , the absorption peaks of the solution are noticeably red-shifted from 410 to 657 nm, indicating the surface plasmon resonance shift induced by the increasing of the content Au in the alloy 29 . This red shifting can also be appeared to the different void sizes in the interior, wall thicknesses, and sizes of holes on the walls of the nanostructures. By simply controlling the molar ratio, the surface plasmon peak of the nanostructures can be conveniently tuned over the broad spectral range. The Ag/Au ratios were estimated by EDS ( Figure S2 ) and found that the Ag:Au ratio was gradually reduced from 12.69:1 to 0.46:1 with increasing the additive amount of HAuCl 4 from 6 × 10 −5 mmol to 2.5 × 10 −4 mmol. These hollow Au-Ag NPs which were stabilized by CTAC were then, functionalized covalently with MUA to endow the NPs with steady negative charged surface ( Figure S3 ) and finally to obtain stable labeled probes 30 . Moreover, negatively charged hollow Ag-Au NPs would be easier to be functionalized with specific antibody for CLE [31] [32] [33] [34] . The as-prepared hollow Ag-Au NPs labeled probes were mixed with different concentrations of CLE samples in an ELISA plate where the probes integrated sufficiently with CLE. Subsequently, the mixed solution was transferred to the TS and migrates through the strip by virtue of capillary force from absorbent pad. The measurement is conducted based on a competitive binding immunoassay 35 . The CLE in the sample competes with the antigen for the limited binding sites of the antibody labeled with marker. When the content of CLE in the sample is below the limit of detection, the Ag-Au hollow NPs-antibody conjugate will be captured by the antigens coated on the test line (T line) on nitrocellulose membrane. A colored T line indicates a negative result 36 . When the content of CLE in the sample is higher than the limit of detection, CLE binds to hollow Ag-Au NPs-antibody conjugate in an ELISA plate, leading to colorless T line in the test region and receiving a positive result (Fig. 2b) . Hollow Ag-Au NPs-antibody conjugate were immobilized on control line (C line) coated with goat anti-mouse IgG and form a colored line showing the validity of the ICTS regardless of the presence of CLE.
Different concentrations of CLE analytical standard solution (0−20 ppb) were subjected to the immunochromatographic strip test. Figure 5 shows the visual detection results of CLE samples using hollow Ag-Au NPs probes with Ag/Au ratio of 4.78:1 (Fig. 4c) . Besides, common solid Au NPs ( Figure S4 ) and Ag NPs labeled probes with similar sizes are also employed as references to compare their detection performances. The visual inspection limit was defined as the minimum analyte concentration required for showing no apparent color on T line to the naked eye 37 . The detection procedure was repeated three times. Following this definition, the visual qualitative inspection limit of solid Ag NPs probe and Au NPs probes was around 6 ppb and 20 ppb respectively, while the visual detection limit of Ag-Au hollow NPs was approached to 2 ppb (Fig. 5) . Compared with solid Au NPs and Ag NPs-labeled test strips, Ag-Au hollow NPs labeled ICTS exhibited much higher sensitivity for qualitatively detecting CLE.
In order to quantitatively study the detection performance of Ag-Au hollow NPs probes, the optical densities of T line were employed to examine precisely the testing properties of ICTS for CLE 37 . Figure 6 shows the optical densities on T line in the detection of different concentrations of CLE using Ag NPs and hollow Ag-Au NPs. Generally, the optical densities decreased gradually with increasing the concentration of CLE. Compared with conventional solid Au NPs, hollow Ag-Au NPs labeled ICTS show higher sensitivity even at lower concentration. Meanwhile, optimal hollow Ag-Au NPs with Ag/Au ratio of 4.78:1 shows strong enough optical density (64 au) on T line even the concentration of CLE was as low as 2 ppb (Fig. 6c ), indicating lower quantitative detection limit and more sensitive detection performance than other NPs labeled ICTS 38 . The same detection process was repeated two times, and similar detection limits were obtained, showing good reproducibility.
The above results clearly indicated Au/Ag ratio had effects on the detection performance of hollow Ag-Au NPs labeled ICTS. Figure 7 shows the relationship between detection limits and the Ag/Au ratio of hollow Ag-Au NPs. Optimal test strips labeled by hollow Ag-Au NPs with Ag/Au ratio of 4.78:1 displayed the lowest detection limit. It was considered that the Ag/Au ratios and hollow microstructures have influences on the testing behaviors. Compared with solid Au NPs and Ag NPs labeled ICTS, hollow Ag-Au NPs with high surface area and strong conjugation ability can be modified with more antibodies to capture easily target analysts 39 , which improve remarkably the detection properties of ICTS. In addition, Au NPs have localized surface plasmon resonance absorption with longer wavelength than Ag NPs, showing more identifiable optical signal 40, 41 . The microstructures and Ag/ Au ratio have collective influences on the specific detection properties. When the Ag/Au ratio of hollow Ag-Au NPs changes from 12.69:1 to 4.78:1, there are few holes with small size appear on the NPs, having little effect on the surface properties of NPs. It has been observed that the optical properties of Au has dominant influences on the detection results and therefore, hollow Ag-Au NPs (4.78:1) with large ratio of Au exhibits highest sensitivity. On the other hand, oversized apertures such as perforative holes appeared with increasing the Au/Ag ratio and even some Ag-Au NPs broken into small pieces, which destroyed the hollow structures and also reduce the ability of probes capturing analysts. Therefore, hollow Ag-Au NPs with lower Ag/Au ratio and appropriate aperture size exhibit better testing results.
In addition, in order to investigate the selectivity of the prepared clenbuterol-related test strip, other testing analogues or proteins are also detected using hollow Ag-Au NPs labeled probes. β-agonists such as salbutamol, terbutaline, fenoterol, ritodrine, and ractopamine, are most frequently associated with clenbuterol, and their cross-reactivity on clenbuterol strip was examined to test selectivity. Clenbuterol and six kinds of β-agonists at 100 ppb were added on clenbuterol-related test strip respectively. As shown in Figure S5 ), displaying good resistance and high selectivity of the strips using hollow Au/Ag NPs as probes.
Conclusion
In this work, a new type of bimetallic, hollow Ag-Au NPs labeled immunochromatographic test strip has been developed to achieve sensitive and on-site detection of CLE in less than 15 min. The apertures size and Ag/Au ratios are optimized symmetrically by tuning the additive ratio of [HAuCl 4 ]:[Ag NPs]. The quantitative detection limit of optimized hollow Ag-Au NPs (Ag/Au ratio of 4.78:1) labeled ICTS approaches to 2 ppb, which is superior over the detection performance of conventional ICTS labeled by solid Au NPs or Ag NPs. Therefore, the optimized hollow Au-Ag NPs labeled test strip can be applied to be an ideal candidate for the rapid screening of CLE in food samples.
Methods
Reagents and materials. Chloroauric acid (HAuCl 4 ·3H 2 O, 99.9%), tannic acid (C 76 H 52 O 46 ), CLE, and goat anti-mouse antibody were purchased from Sigma-Aldrich. Cetyltrimethylammonium chloride (CTAC) was received from Aladdin. Bovine serum albumin (BSA) was purchased from Beijing Xinjingke Biotech Co., Ltd. Sodium citrate Na 3 C 6 H 5 O 7 and silver nitrate (AgNO 3 ) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai). 11-mercaptoundecanoic acid (MUA) was purchased from J&K Chemical Ltd. (Shanghai). Anti-CLE monoclonal antibody was produced according to our previous work 15 . The sample pad, glass fibre membrane, nitrocellulose membrane, and absorption pad were supplied by Schleicher and Schuell GmbH (Dassel, Germany).
Transmission electron microscopy (TEM) images were acquired on a JEOL JEM 2010 electron microscope operating at 2.0 kV. UV/vis absorption spectra were recorded using a TU-1810 spectrophotometer provided by Purkinje General Instrument Co., Ltd. BioDot XYZ Platform combing motion control with BioJet Quanti3000k dispenser and AirJet Quanti3000k dispenser for solution dispensing were supplied by BioDot (Irvine, CA, USA). SkanFlexi BioAssay strip reader was purchased from Skannex Biotech Co., Ltd. (Oslo, Norway).
Preparation of Spherical Au NPs. Au NPs with an average diameter of 18 nm were prepared according to our previous reports 42 . Briefly, 100 mL of 2.5 × 10 −4 M HAuCl4 aqueous solution was heated to 120 °C under vigorous stirring. Then, 10 mL of 1% sodium citrate aqueous solution was injected rapidly into the gold solution. Upon continuous boiling for 20 min, the color of the boiled solution changed to ruby red, indicating the formation of spherical Au NPs. The resultant Au NPs solution was cooled down and stored at 4 °C for further use.
Preparation of Spherical Ag NPs. Ag NPs were synthesized according to previous report with some modification 43 . Briefly, A 100 mL of aqueous solution containing 5 mM sodium citrate and 0.1 mM tannic acid was heated to boiling under gently stirring. Subsequently, 1 mL of freshly prepared 25 mM AgNO 3 solution was added 
Preparation of Immunochromatographic Test Strips.
The sample pad was treated with 50 mM borate buffer (pH 7.4) containing 1% BSA, 0.5% Tween-20, and 0.02% NaN 3 , and then dried at 60 °C for 2 h. CLE-BSA conjugation (0.8 mg ml . The sample pad, glass fiber membrane, nitrocellulose membrane and absorption pad were assembled as a strip.
Detection of CLE by Immunochromatographic Test Strip Method. CLE samples with different con-
centrations from 0 to 20 ppb were prepared using sterile 0.01 M PBS (pH 8.5), and mixed with Ag-Au hollow NPs functionalized with antibody complex for 3 min. The resultant mixed solution was transmitted to the test strip and records thetesting results after 10 min using a portable strip reader. All the experiments were performed in triplicate.
β-agonists including salbutamol, terbutaline, fenoterol, ritodrine, and ractopamine or proteins including are added respectively on the CLE-related test strip under the same concentration of 100 ppb and same process. Besides, BSA, OVA and casein were mixed respectively with clenbuterol and formed mixing samples with low protein concentration of 2 ppb.
